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ABSTRACT 



A heavy supersymmetric spectrum at the Minimal Supersymmetric Standard Model is considered 
and the decoupling from the low energy electroweak scale is analyzed. A formal and partial proof of 
decoupling of supersymmetric particles in the limit where their masses are larger than the electroweak 
scale is performed by integrating out all the sparticles to one loop and by evaluating the effective 
action for the standard electroweak gauge bosons W , Z and 7. The Higgs sector is not considered 
here. Analytical results for the two-point functions of the electroweak gauge bosons and the S, T and 
U parameters, to be valid in that limit, are also presented. A discussion on how the decoupling takes 
place in terms of both the physical sparticle masses and the non-physical mass parameters as the 
/^-parameter and the soft-breaking parameters is included. 



f Talk presented at the International Workshop on quantum effects in the MSSM, Barcelona, 9-13 September, 1997. 



1 Introduction 



At present, there are indications that when the spectrum of supersymmetric (SUSY) particles at the Minimal 
Supersymmetric Standard Model (MSSM) is considered much heavier than the low energy electroweak scale they 
decouple from the low energy physics, even at the quantum level, and the resulting low energy effective theory 
is the Standard Model (SM) itself. However, a rigorous proof of decoupling is still lacking. On one hand there 
are numerical studies of observables that measure electroweak radiative corrections, like Ar and ApEl, or the S, T 
and U parameters □ as well as in the Z boson, top quark and Higgs decays which indicate that the one loop 
corrections from supersymmetric particles decrease up to negligible values in the limit of very heavy sparticle 
masses. Decoupling of SUSY particles is also found in some analytical studies of these and related observables Ira, 
as well as some computations of the effective potential for the scalar sector U, in the asymptotic limits where some 
of the SUSY mass parameters are considered infinitely heavy. 



The question whether the Decoupling TheoremQ applies or not in the case of heavy sparticles in MSSMla is 
not obvious at all, in our opinion. The MSSM is a gauge theory which incorporates the spontaneous symmetry 
breaking SU{2)\ J x U{1)y —* U{l) em and chiral fermions as the SM and therefore, the direct application of the 
Decoupling Theorem should, in the principle, be questioned □. Examples where the Decoupling Theorem does 
not hold are well known. Particularly interesting are the cases..Qf the Higgs particle and the top quark in the SM 
which are known not to decouple from low energy physicsa'E Ua 

In our opinion, a formal proof of decoupling must involve the explicit computation of the effective action by 
integrating out one by one all the sparticles in the MSSM to all orders in perturbation theory, and by considering 
the heavy sparticle masses limit. The proof will be conclusive if the remaining effective action, to be valid at 
energies much lower than the supersymmetric particle masses, turns out to be that of the SM with all the SUSY 
effects being absorbed into a redefinition of the SM parameters or else they are suppressed by inverse powers of 
the SUSY particle masses and vanish in the infinite masses limit. 

In the present work we discuss part of the effective action which results by integrating out all the SUSY 
particles of the MSSM, except the Higgs sector, at the one loop level. This is a reduced version of a more complete 
paper to which we refer the reader for a rrpre detailed discussionEj . The integration of the Higgs sector will be 
consider separately in a forthcoming work Ell. The part of the effective action we have chosen to start with is the 
one for the electroweak gauge bosons, W , Z and 7 and, in particular, we have devoted more attention on the 
derivation of the two point functions with external W , Z and 7 gauge bosons. This will allow us to derive, in 
addition, the contributions from the SUSY particles to the S, T and U parameters in the large SUSY masses limit 
and to conclude how the decoupling really occurs in these parameters. In order to keep our computation of the 
heavy SUSY particle quantum effects in a general form we have chosen to work with the masses themselves. They 
are the proper parameters of the large mass expansions instead of another more model dependent choices as the 
//-parameter or the soft-SUSY-breaking parameters, Mq, Mo, Mf>, Mi, M E , and M\,Mi .We have considered 
the physicaly plausible situation where all the sparticle masses are large as compared to the electroweak scale but 
they are allowed, in principle, to be different from each other. We will explore the interesting question of to what 
extent the usual hypothesis of SUSY masses being generated by soft-SUSY- breaking terms and the universality 
of the mass parameters do or do not play a relevant role in getting decoupling. In fact, we will show in this paper, 
that the basic requirement of SU(2)l x U(l)y gauge invariance on the SUSY breaking terms is sufficient to obtain 
decoupling in the MSSM. 

Finally, we have dedicated special attention and have been very careful in evaluating analytically the large 
SUSY masses limit of the Green functions. For this purpose, we have applied the so-called m-TheoremE3 which 
provides a rigorous technique to compute Feynman integrals with both large and small masses in the asymptotic 
regime of the large masses being very heavy. 

The paper is organized as follows: In section 2 we present a brief discussion on how to get large mass values 
for all the squarks, sleptons, neutralinos and charginos at the MSSM. The third section is devoted to present the 
effective action for the electroweak gauge bosons W , Z and 7 in the MSSM that results by integrating out, in the 
path integral, squarks, sleptons, charginos and neutralinos to one-loop. The asymptotic results in the large SUSY 
masses limit for the T, XY and R XY functions are also included and analyzed. The decoupling of heavy sparticles in 
the S, T and U parameters is analyzed in the section 4. Explicit formulae for these parameters in the large SUSY 
masses limit as well as a discussion on these results are also presented in this section. Finally, the conclusions are 
summarized in section 5. 



a We use here the same notation as in 




2 Heavy supersymmetric spectrum at the MSSM 



In this section we consider the mass eigenstates of the MSSM. Any set of particles of a given spin, baryon 
number, lepton number and the same SU(3) C x [7(l) em quantum numbers can mix. Therefore, in principle, 
there can be mixing in all the sectors of the MSSM and one must diagonalize mass matrices to obtain the mass 
eigenstates and the corresponding eigenvalues Ui3. We consider here all the sectors, except the Higgs sector that 
we prefer to analyze elsewhere til. 

In the present work we are interested in the Green functions with external electroweak gauge bosons and in 
the large mass limit of the SUSY particles, which means the situation where all the sparticle masses are much 
larger than the electroweak scale and the external momenta. In particular this could be the case if the sparticle 
masses are well above m z , m w and m t but still below the few TeV upper bound that is imposed by the standard 
solution of the hierarchy problem. Furthcmore, unless we are in a particular model, the masses of the various 
sparticles are, in general, different and independent. Therefore, we must take these masses to be large as compared 
to the external gauge boson masses and external momenta, but we must specify, in addition, how they compare to 
each other. More specifically, we assume here the most plausible situation where all the sparticle masses are large 
but close to each other; namely m 2 , m 2 ^> M 2 W , k 2 and \m 2 — m 2 | <C \m 2 + m 2 |, where M EW denotes any of the 
electroweak masses involved (m z ,m w ,m t , . . .) and k denotes any external momentum. Notice that this includes 
the case that has been the most studied in the literature where universality of sparticle masses is assumed. 

This masses hypothesis, together with the requirement that all the_sparticles must be heavier than their 
corresponding partners, imply some constraints on the SUSY parameters In particular, in the squarks sector, 
if we ignore mixing between different generations to avoid unacceptable large flavor changing neutral currents and 
if we use the notation of the third family for the mass eigenstates t u t 2 , b ± , b 2 and the corresponding mass squared 
eigenvalues by to 2 2 , m 2 x 2 , the previous conditions imply the following constraints on the soft SUSY breaking and 
fj, parameters: 

M 2 , M 2 » ml m 2 z , |M 2 - M 2 | « |M 2 + M 2 | , m 2 (A t - M cot/3) 2 < M 2 M 2 . (1) 

Here A t is the trilinear coupling and cot /? = v\jvi. The first condition implies, in turn, the limiting behaviour 
mfj — > M? , m 2 2 — » M 2 . The second condition means that Mq and M^, must be close to each other and the 
third one means that the mixing can never be large. Similar conclusions can be obtained for the sbottoms. 

In summary, in other to get large stop and sbottom masses one needs large values of the SUSY breaking 
masses Mq , Mq and Mf, as compared to the electroweak scale and, in order not to get a too large mixing, the 
trilinear couplings A t , A b and the /x parameter must be constrained from above by the previous inequalities. Notice 
that an arbitrarily large fi or A t , A b with Mq,Mc, Mf, fixed is not allowed. 

Similar analysis can be done in the sleptons sector. In this sector £,Ti,t 2 are the mass eigenstates and the 
mass squared eigenvalues are m 2 , m 2 ^, m 2 2 respectively. In this case, we conclude that large squared sparticles 
masses, such that their sum be larger than their difference, implies that Mf and M 2 are large, satisfying also 
|M| - Mj| < |M| + Mf |. Neither /x nor A T can be taken arbitrarily large with M L ,M S fixed. 

Concerning to the inos sector and by following the standard notation we have denoted by xf, xf 

the 4-component Dirac fermions that represent the two physical charginos and by M+ 2 their corresponding mass 
eigenvalues. The 4-component Majorana fermions which represent the 4 neutralinos are denoted by \i, X°2i Xs an d 
x\ and their corresponding mass eigenvalues are M" 2 3 4 . 

In principle, the eigenvalues in the inos sector can be either positive or negative. We choose the SUSY 
breaking parameters M\ and M2 to be posithzp and allow \x to be either positive or negative. The physical masses, 
l-M+J and |M? i2iS)4 | are, of course, positively. In case of negative eigenvalues we proceed following the method 
described in the second paper oflij. 

Notice that to reach the large SUSY masses limit that we are interested in, it is necessary to consider the 



mass parameters in the chargino sector in the range M 2l /i 3> m w and therefore, to a very good approximation, the 
mixing is small and xt will be predominantly gaugino with a mass close to M 2 , whereas xt wm be predominantly 
Higgsino with a mass close to |/z|. 

Analogously in the large SUSY masses limit important simplifications do occur in the neutralino sector EH. 
In order to get the four neutralino masses larger than the electroweak scale it is necessary to consider the mass 
parameters in the range M 1 ,M 2 ,/j, 3> m z . Therefore, to a very good approximation, the off-diagonal terms of 
the mass matrix in the (B,W 3 , H'{, H2) basis are negligible as compared to M ± ,M 2 and fi. The physical mass 
eigenstates x°, (i = 1, . . . , 4) are predominantly B, W 3l (Hi + H%)/«/2 and (H° — H^/V^, and their corresponding 
masses are close to M 1; M 2 , \fi\ and \/j,\ respectively. 



3 Effective action for the electroweak gauge bosons to one-loop in the large SUSY masses limit. 

Our aim is to compute the effective action for the standard particles, r e // [(/>], that is defined through functional 
integration of all the sparticles of the MSSM. In short notation it is defined by, 

e <r«,/M = /"[d^rMssMl^] ^ t M ssm[^4>] = f dxCussu^J) ; dx = d 4 x, (2) 



where 4> = l,q, A, W , Z : g, H are the SM particles; 4> = l,q, A, W , Z, g, H their supersymmetric partners, and 
£mssm is the lagrangian of the MSSME3. 

In this paper, we are interested in the part of the effective action that contains the two point Green functions 
with external gauge bosons r^„ y (k), X, Y = A, Z, W ± . This will allow us to study the decoupling properties of 
the gauge boson self-energies and from them we will deduce the corresponding analytical expressions for the well 
known parameters 5, T and U. The computation of the effective action has been performed at the one loop level 
by using dimensional regularization and including the integration of all the sfermions /, the neutralinos x° an( l 
the charginos x + ■ 

The effective action can be written as: 

e «V,[V| = j [d/ ~] [d/ ~*] [ d ^+] [d -+] e *r M ssM[v,/,x + ,r] (3) 

where f = qj ; V = W ± ,Z, A and: 

Tmssm [v, /, x + , x°] = r [v] + r f \y, /] + r x [v, x] + [/, X, /] • (4) 

In this formula ro[V] is the quadratic action for gauge bosons which is taken generically in an arbitrary gauge, 
and T f[V, f] and T^[V, x] are the actions for the sfermions and the neutralinos and charginos respectively. Notice 

that the last term T^[f,x, /], which includes the interactions among /, x and /, does not contribute to r e /f[V] 
to one-loop. Therefore, the formula of the effective action (||) can be factorized into three pieces: 

e «V,[v] = e <r.lv] e ir f . ff lv] e iT* ff M (5) 

where, 



e ' 



'tfW= ldf}[df*}j Tf[vJ] , e ir ^M= [dx + }{dx + }{dx°V r * lv ' i] (6) 



In order to perform the functional integration, it is convenient to write the classical action in terms of operators. 
We computed r^[V] and separately by using the standard path integral techniques. The details of the 

computation can be seen inliij. 



If we keep just the terms that contribute to the two-point functions, we find that the effective action generated 
from sfermions and charginos and neutralinos integration can be written as, 



eff 



[V] 



iTr(Af l Af) - ^{Af^Aff + 0(V 3 ) , 



e//L- J 2 

where the operators are, 



T ef f [V] = ^(A^A^f + IlV^-^W) 2 + m{A^ A^A^' A^ + 0(V 3 ) 



.4 
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W = 

xy 
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e 2 Q}A^ + ^A^Z^QfGf + ^-GjZ^Z" + \g 2 ^ f W+W^ 
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(0' L P L + 0' R P R ) -eV 



-'xy 



[g W-r (0 L P L + OrPr)] x Sx y , xy = [<? W+>f (Q+P L + 0+P R )] x S xy . 



(7) 
(8) 



(9) 



In all these expressions and in the following, we use the compact notation where / is a four-entries column 
vector including sfermions of all types and the sum is over the three generations and, in the case of squarks, 
it runs also over the N c color indexes. We have introduced as well two column vectors, x°, with components x°, 
(i = 1, 2, 3, 4), and x + , which components are xt > (* = •"■> The corresponding mass matrices are: 

M) = diag(m? i , m\,m 2 hi , mgj if f = q ; M) = diag(m£, , fh\ , fh 2 T2 ) if f = l, (10) 

M+ = diag(M+ , M+ ) , M° = diag(M 1 ° , M 2 ° , M 3 ° , M£) (11) 
The coupling matrices Q/, G/, S^ 6 , S/ and L ,„, 0't, R , 0" L ,„ can be found in@. 

Notice that, diagrammatically, the first and second terms in eq. (^) give the two types of one-loop contributions 
with all kind of sfermions in the loop, the first term in eq. (^|) gives the one-loop contributions with charginos in 
the loop, the second term is the corresponding contribution with neutralinos in the loop and the last one gives 
the mixed one-loop contributions with both charginos and neutralinos in the loop. 

In order to get the explicit expressions for the two-point functions one must work out the traces in the above 
formulae. Basically one must substitute all the operators, express the one-loop integrals in momentum space of D 
dimensions, compute all the appearing Dirac traces and Fourier transform the result back to the position space. 
The traces also involve to perform the sum in the corresponding matrix indexes, the sum over the various types 
of sfermions and the sum in color indexes in the case of squarks. We have done this computation, in addition, by 
diagrammatical methods-and we have found the same results. Notice that they are exact to one-loop. The result 
for the effective action isliia: 

T eff [V] = \ J dxdyA»T^{x,y)Al + ± J dxdyZ^J \x,y)Z v y +\ J dxdyA»T A J \x,y)Z v y 

+ {A^Z)+ l -J dxdyW+^ w (x, y)W~ v + (+«--) + 0(V 3 ) (12) 

where T^ v (x,y) are the two-point functions for the electroweak gauge bosons in position space. 



The results for these two-point functions in momentum space are as follows: 
T^(fc) = r ^(fc) + Je 2 ^ (2^7 (m^J(Q2) oa ^_^(Q / ) o6 (Q / ) 6o /^(fc,m /o ,m / J 



+ 2ie 2 ^ {T;t(fc, M+, M+) + 2J ii (fc, M+, M+) 9lu> } 



(13) 
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ab 



+ 



+ 



2cl 



E {(O"^ + 0"tO" j :)T%{k, Ml Mf) + 2(0"? O"^ + <>"■■()" ^1- (fc, M°, M°)<^} 
if E {{0' i iO' j : + 0'tO^)T%{k,Mt,M+) + 



(14) 



c w 



ab 



- ^E(°'"+°«) (T»(fc,M+,M+) + 2^(fc,M+,M+)^,) 

i= 1 



(15) 



iW(fc) = r ™(*) + 



Xk,m fa ,m fb 



f I a 



a,b 



+ ^ E E { j 4 + °n °V W ^ O 

»=i i=i 

+ 2 (ojW + 0^0+ ji ) ^(fc,MP,M+)^„} 



(16) 



Here the indexes a and b run from one to four, corresponding to the four entries of the column vector /. The 
indexes i,j vary as i,j = 1,2,3,4 if they refer to neutralinos and as i,j = 1,2 if they refer to charginos. 
(V = Z, W) and are the two-point functions at tree level, which are defined by: 



r<v - (M v - k 2 ) g ^ + (1 - k^K ; r *f = -k 2 9tiv k^k v 



(17) 



and the one-loop integrals Io(rh 2 fa ) , I^ b i (k,rhf a ,rhf b ) ,T^ v (k, Mj, Mj) , Pi (k, Mi, Mj) are defined in dimensional 
regularization by, 



h(m 2 a ) = J dg j ; If u (k, m fa ,fh h ) = J dq 

T^MuMj) = [dq 



(2q + k) fl (2q + k) u 



q 2 — rh 2 b 



(k + q) 2 — fh 2 
~ 2g iiV g aSi q a q fi + 2(q^k v + q u k^) - 2g liV g a 13 q a kp) 



P j (k,M h Mj) = / dq 



(k + q) 2 - rh 2 fa q 2 — fh 2 ^ 
M t M, 



q 2 - M 2 (k + q) 2 - M 2 



(18) 

(19) 
(20) 



Since we are interested in the large mass limit of the SUSY particles we need to have at hand not just the 
exact results of the above mentioned integrals but their asymptotic expressions to be valid in that limit. We have 
analized the integrals by means of the so-called m-Theorem Ej. This theorem provides a powerful technique to 
study the asymptotic behaviour of Feynman integrals in the limit where some of the masses are large. Notice 
that this is not trivial since some of these integrals are divergent and the interchange of the integral with the 
limit is not allowed. Thus, one should first compute the integrals in dimensional regularization and at the end 
take the large mass limit. Instead of this direct way it is also possible to proceed as follows: First, in order 
to decrease the ultraviolet divergent degree, one rearranges the integrand through algebraic manipulations up to 
separate the Feynman integral into a divergent part, which can be evaluated exactly using the standard techniques 
of dimensional regularization, and a convergent part that satisfies the requirements demanded by the m-Theorem 
and therefore, goes to zero in the infinite mass limit. By means of this procedure the correct asymptotic behaviour 
of the integrals is guaranteed. Some examples of the computation of the Feynman integrals by means of the 
m-Theorem as well as details of this theorem are given int2l. The results for the above one loop integrals in the 
large masses limit are as follows: 



167T 2 V 6 & Mo ' ^ 



(m 2 fa + m%)\ 1 ./ (rh% + m%) 



If(k,fh fa> m fb ) = ^ |(m». + rh 2 fb ) (A e + 1 - log v "" 2/1 f"' ) 9^ ~ f (A, - log v " v ' 2 ^" v " ) 9»» 
1 ( (m 2 t + m 2 ) 



3 ' >* nv V 6 2 M 2 

^(fc.Mi.Mj) = j -(M 2 + Mf) [ A e - log p M + ±fc 2 I A - - log p '- 1 9{lv 



(M?+M?) \ 2 1 {Mf + Mf) 

16^1 ^ ""'M- " & 2tf ) + 3M Ae 2 l0g 2^ 



2 U l ( A 1 ( M ' + M ? ) 

-^-^(^- l0g ^)}. 

where fj, is the usual mass scale of dimensional regularization and, 

A e = - - 7e + log(47r) , e = 4-D. (22) 
e 

Finally, we define the self-energies Y, XY (k) and the R XY (k) functions, from the two-point functions as usual, 

r XY (k)=T X , Y (k) + J: XY (k)g^ + R XY (k)k,K ■ (23) 

The asymptotic expressions for the Y, XY and R XY functions, in the large sparticle masses limit and for each 
sector, can be obtained from our results of eqs.(|l^|l6|) and by using the formulae of eqs.([2l|). We find the following 
results: 



3.1 Squarks sector: 



For m\ , m t 2 2 , fh 2 bi , fh 2 b2 > k 2 



™$ 2 1 < + "»? 3 1 i 1^ - ™% 2 1 « l™fc! + ™&J . and 
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L I < K, + ml | (i, j = 1, 2) , we get: 
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where s 2 ,,- = sin 2 9 w and c/ = cosdf, Sf = sinOf, with 0/ being the mixing angle in the /-sector. 



(24) 



(25) 



(26) 



(27) 



The function h{m\,m\) has been defined inEj and its asymptotic behaviour for large masses m\ , m 2 and 
\m\ — ni 2 \ -C \m 2 +m 2 \ is given by: 



h{m\,ml) 



{ra\ — m 2 .) 
(m 2 + m|) 



9 9 \ 2 



(28) 



For the R XY (k) functions we find expressions which are similar to the part proportional to k 2 in E xr (fc) and 
with opposite sign. We omitt to write the explicit formulae here for brevity. They can, generically, be written as: 



R XY {k) = - [term in k 2 of S xy (fc)] /fc 2 



(29) 



As can be seen from eqs.( 



(k) 



J (0) 



, the asymptotic results in the large SUSY masses limit are of the generic form: 



T,fjk 2 and R XY {k) = Rf Q f, where £* r ,£* Y and Rf 0) Y are functions of the large SUSY 



to) 



J (o) '^(1) 



(0) 



masses but are k independent. As can be easily shown, it implies that all the remaining dependence on the SUSY 
masses can be absorbed into a redefinition of the SM relevant parameters, m w ,m z and e and the gauge bosons 
wave functions. Therefore, the decoupling of squarks in the two point functions does indeed occur. 

Similar results have been obtained in the sleptons sector. 



3.2 Charginos and neutralinos sector: 



For M+ 2 , M+ 2 > k 2 , |M+ 2 - A/+ 2 | < |M+ 2 + M+ 2 | ; \M° 2 - 
\Mf -M+ 2 \ < \M° 2 + M +2 |, (i= 1,2,3,4); (j = 1, 2) , we find: 
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(30) 



(31) 



(32) 



(33) 



2 M 2 3 * 2^ 2 

Similarly to the squarks sector, the results for the R XY (k) functions, can be written generically as in eq. (p9|). 



If we consider the large ino masses limit which, as we have said in the above section, implies M^ — > 
[i 2 , Mf — > Af 2 , Af^ 2 — * Af| and A/3 2 = Af| 2 — * fi 2 , it is easy to see that the remaining dependence 
on the SUSY masses is logarithmic. The Y, XY (k) functions are proportional to k 2 , and the R XY (k) functions are 
k independent. Therefore, similarly to the squarks sector, the decoupling of inos takes place. 



M 2 , Mf 



In summary, from our results it is clear that there is indeed decoupling in the two point electroweak gauge 
boson functions: All SUSY effects can be absorbed into redefinitions of m z ,m w ,e and the wave functions of the 
gauge bosons W^, Z,A, or else they are suppressed by inverse powers of the heavy SUSY particles masses. 

In addition, some comments can be done. First, these asymptotic expressions are completely general and 
depend just on the physical masses of the SUSY particles and on the generic coefficients c q , s q , c% , s; , J L l R , 

O'lIb, 1 0"°l,r- Notice that they do not depent on the particular mechanism that generates the SUSY masses. 



Second, it is worth to mention that in order to get the above asymptotic expressions not all the SUSY masses 
need to be compared with each other, but just the ones appearing in the same one-loop diagram. Thus, for 
instance, the self-energies T, AA and T, AZ , where no mixed diagrams with different sfermions contribute, do not 
need of any reference on the relative size of the sfermion masses. Y, z z and 'E ww , on the contrary, do require 
this comparison. In the case of S z z one needs to compare squarks of the same charge, sleptons of the same 
charge, charginos of the same charge and neutralinos among them. No comparison among sfermions of different 
generations is required since we have not considered intergenerational mixing in this work. In the case of Tj W 
one needs to compare, in each generation, the squarks of different charge, the sleptons of different charge and the 
netralinos with the charginos. The realistic and more interesting situation will be when all the sparticles masses 
must be compared at the same time and, obviously, the final result will depend on the kind of SUSY hierarchy 
masses that had been previously established. This will happen in the observables as S, T and U where all the four 
self-energies do contribute. 



4 Decoupling of sparticles in S, T and U 

The radiativexprrections from SUSY particles to the observables S, T and U have been analyzed exhaustively 
in the literature Era, but neither their complete analytical expressions in the large sparticle masses limit nor a 
general and systematic study of sparticles decoupling have been provided so far. We have obtained the results 
to one loop for the analytical expressions of S, T and U in a complete general form and analyzed under which 
particular conditions the sparticles decoupling takes-place, discussing how and why does it occur in the very special 
case of the MSSM with soft SUSY breaking terms 111. 

The definition that we use for S,T and U are the usual oncs0. The contribution to S,T and U are known 
to be finite and well defined separately for each sparticle sector, so that we can analyze them separately as well. 
As we have already said we consider in this paper all the sparticle contributions except that of the Higgs sector. 

The results for S, T and U can be obtained easily by using the corresponding expressions for the self-energies 
given eqs. ( p4}]33| ). Notice that, for each case, we must consider the corresponding conditions on the masses above 
mentioned. Although the three parameters, S, T and U do not require the same set of conditions on the sparticle 
masses, the physical and realistic situation corresponds to have fixed all the SUSY spectra at once, and therefore 
all these conditions must hold together. 



4-1 Squarks sector: 

By considering the conditions given at the beginning of section 3.1 together, is equivalent to say that all the 
squarks of the same generation have masses of similar large size. Interestingly, if we look just at the Sq parameter, 
there is apparently no decoupling since the dominant contribution goes as 113: 

^-E^ 10 ^' «»k 2 ) (34) 

3o7r mi H 

q Oi 

which under the corresponding conditions |mf — mfj <C \fn^ 1 + rh^ 2 \ and \m? — mfc \ <§; |m| + m?\ does not 
vanish in the infinite rht 1 and rhb 1 limit. However, when the three parameters Sq,Tq and Uq are analized together 
and the extra condition jm^ — | <C (m^ + | is included, then the above dominant term in Sq also vanishes 
in the infinite squark masses limit as it was expected. 



In order to show the decoupling explicitly one must make an expansion of Sq, Tq and Uq in powers of the 



proper expansion parameters, which in the (third generation) squarks sector are: 
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(U = l>2). 



In terms of these parameters we get, 
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(35) 



(36) 



(37) 



First, we see that in the limit of exact custodial SU(2) symmetry, which corresponds to rh tl — to^ = mi, 
rh t2 = m& 2 = TO2 and c f = c b = c, s t = s b = s, both Tg and t/g vanish as it is expected, whereas Sq goes as, 

N c o / m? — to?, \ 2 ^ / m? — to? \ 4 

gg -> E ^ C 5 - 2 _l - 2 + Q 4- -2 ( 38 ) 
^ 37T \TOf+TO2/ VTOJ+TO2/ 

Second, the above formulae show that the decoupling indeed occurs in the three parameters since they go to zero 
as some power of the proper parameters defined above, which vanish in the infinite masses limit. Besides, the 
decoupling is much faster in Uq than in Sq and Tg. These results-confirm the numerical analyses performed in the 
literature and agree with the qualitative behaviour discussed inlilBa. 

However, we would like to emphasize once more that, contrary to most of the studies in the literature (with 
the exception of those on Ap), our results are model independent and do not make any reference on whether there 
is or not a common effective scale of supersymmetry breaking. 

Parallel results for the sleptons sector can be obtained by making the corresponding replacements in the above 
formulae E3. 



4-2 Neutralinos and Charginos sector: 



Considering together the conditions given for this sector in section 3.2 we get, 
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Here the values of the coupling matrices O l r , O' L Jl , O" L R corresponding to the large neutralinos and charginos 
masses limit have been usedLL3 



With regard to this sector and by looking at eqs.(|39| - [IT]) we can conclude that, in the large masses limit, 
the first chargino xt and the two first neutralinos x° an d X° decouple completely in the S parameter. These 
are precisely the chargino and neutralinos, that in the large masses limit become predominantly gauginos. The 
decoupling of the other eigenstates xt iX° an d X° m S is not evident at a first sight, since it depends on the 
relative size of the xt mass and the masses of the neutralinos x° and x°- However, we have seen in the above 
sections, that in the large masses limit, their corresponding squared mass eigenvalues approach to a common value 
H 2 and, in consequence, the decoupling in S% does finally occur. Notice that this result is not model dependent 
either, since this common value /1 2 is the unique squared mass parameter that is allowed by supersymmetry to 
be present at the Lagrangian level and do not depend on the particular assumed SUSY breaking mechanism. 
Similarly, in the T% and U% parameters the decoupling occurs exactly if the mass eigenvalues in the large mass 



limit are considered, i.e, M± 



Ml 



MJ 



I?, Ml - Ml 



M° 
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and M° = Ml 



Finally, we would like to point out that the results for S, T and U of the various sectors are finite as they 
must be and the cancellation of divergences occur between the t and b contributions of each generation of squarks, 
between the v and f contributions of each generation of sleptons and between the charginos and neutralinos. 



5 Conclusions 



The computation of the effective action for the standard particles which results by integrating out all the heavy 
supersymmctric particles will provide the answer to the question wether the decoupling of heavy supersymmetric 
particles in the MSSM occurs leading to the SM as the remaining low energy effective theory. In this work we 
have shown that the contributions from the heavy sparticles to the two point functions part of the effective action 
can be absorbed into redefinitions of the Standard Model parameters or they are suppressed by inverse powers of 
the heavy sparticles masses. 

More specifically, we have proved analytically that the decoupling of squarks, sleptons, charginos and neu- 
tralinos, at one loop level, in the two-points functions of the electroweak gauge bosons takes places. We have 
considered the limit where the sparticle masses are all large as compared to the and Z masses and the ex- 
ternal momentum. Notice that we have not assumed exact universality of the masses but we have always worked 
under the plaussible assumption that the differences of their squared masses are much smaller than their sums. 



Our results for these two-point Green functions in the large SUSY masses limit have been presented analiti- 
caly and given in terms of the sparticle masses. Therefore, they are general. Namely, they do not depend on the 
particular choice for the soft-breaking terms. In our opinion, it is more convenient for the analysis of the phe- 
nomenon of decoupling to use the physical sparticle masses themselves, being the proper parameters, rather than 
some other possible mass parameters of the MSSM as, for instance, the /^-parameter or the soft-SUSY breaking 
parameters. 

We have shown that the decoupling of sparticles also occurs in the S, T and U parameters, and we have 
presented explicit formulae for these parameters, which illustrate analytically how this decoupling occurs. 

Finally, we have explored to what extent the hypothesis of generation of SUSY masses by soft-SUSY breaking 
terms is relevant for decoupling and we have found instead that the requirement of SU(3) C x SU(2)l X J7(1)y 
gauge invariance of the explicit mass terms by itself is sufficient to get it. 
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